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ABSTRACT

A desription of the analysis, the method of solution and

the results of calculations for diffusion controlled, equilibrium

combustion of hydrogen are presented. Calculations include two-

dimensional and axisymmetric turbulent flows with constant and

variable axial pressure distributions. The investigation was

co:%ducted for ramjet ccmbustion chamber inlet conditions associated

with t_e NA_A Ram3et Research Engine Pro3ect which includes the

flight Mach t_.umber regime of 3 to 8 and the altitude range from

50,000 to 120,000 feet. The results are presented in terms of

flow deflections, combustion lengths and detailed property profiles

in the mixing and combustion region. Flow deflections in the
o

vicinity of the fuel in3ection points from 9 to 30 °, and combus-

tion lengths from 15 to 40 fuel jet diameters are indicated.

F'low reversal, shockless subsonic burning and pressure interaction

due to flow deflection, are predicted and an example of a multiple

injection system is presented.

A comparison of the theory with available combustion experi-

ments is presented. The experiments indicate somewhat faster

mixing with co.mbustion compared with the corresponding cold flows.

In general, excellent agreement of the theory with the experiments

is shown.
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DIFFUSION CONTROLLED COMBUSTION FOR SCRAMJET APPLICATION

Part I - Analysis and Results of Calculations

I. INTRODUCTION

The development of supersonic transports has renewed interest

in airbreathing propulsion systems capable of supersonic and

hypersonic flight speeds with possible future applications including

hypersonic aircraft, ballistic missiles and upper stage launch

vehicles.

In the flight Mach number regime from 3 to at least 12 the

ramjet system appears attractive since the structural requirements

are less critical in comparison to turbojet engines involving

rotating parts. Moreover, the attractiveness is enhanced by the

apparent feasibility of designing a ramjet with fixed geometry

applicable over a wide range of Mach number (c.f. Ref. 1 and 2).

The present work performed for the NASA Ramjet Research Engine

Project provides analytical design data for the combustion chamber

of the proposed engine. It permits locating the fuel injectors to

provide the desired thermal compression. The calculations cover the

range of conditions corresponding to the X-15A-2 flight corridor

shown in Figure 5, page 27. The corresponding combustion chamber

inlet condition are given in Table I, page 22.

A req'airement of an engine of this type is that the combustion

process be such that it provides the required heat release in a

short chamber over a wide range of flight conditions. The combus-

tion process which has been proposed for this application is one

which is controlled by mixing, (Ref. 2). A mixing controlled com-

bustion process has several attractive features. The heat release

is distributed over a finite length in contrast to a premixed con-

figuration wherein the heat is released abruptly through a detonation
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process. The inherent distribution of the heat release in the mixing

controlled system provides a mechanism for obtaining a controlled

pressure variation enhancing the possibility of a fixed geometry

system. Furthermore, the mixing controlled combustion process can

take place in supersonic flow eliminating flow losses and critical

structural design problems required for subsonic burning.

The basic requirements of the diffusion controlled combustion

process are fast reaction kinetics and sufficiently fast mixing to

provide combustion lengths that are practical for engine application.

Recent investigations of the reaction kinetics of the hydrogen-air

system are summarized in Figure i, which based on the work reported

in Ref. 3, 4, 5. _he combustion chamber wi]! operate under pressures

between i and 5 atmospheres with characteristic chamber velocities

of the order of i0,000 FPS based on hydrogen injection velocities.

For the chamber inlet temperatures shown in Figure ], the length

required to establish equilibrium ranges from 0.i inch at 5 atm.

and 2000°K to about 18 inches at 1 atm. and 1000°K. The latter

condition might be typical of combustion chamber inlet conditions

at the low end of the flight Mach number spectrum. To reduce the

total ignihion length a:. ignit.,_on" source cap. b_ used _.c increase

the effect-,ve initial temperature to at ]east 2000°K. This will

reduce the total ignitit, Y. length to the order of 1 to 2 inches and

insure Uha_ the process is not dependent on finite rar.e chemical

kinetics.

Turbulent mixing of hydrogen and other gases in air has been

extensively investigated over wide ranges of frozen flow conditions

in the supersonic and subsonic domains: (Ref. 6,7,8;9,10) . The

mass of experimental data accumulated during i h_se investigations

•- = su ic:nt ] fast to make theindicates that the mixing ra_e_, are ffic y
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diffusion controlled process applicable to supersonic combustion

engines. Figures 2a and 2b summarize these data in a correlation

of axial concentration decay of the injected gas. For hydrogen-air

systems the mass flux ratios generally satisfy the condition I s i.

Therefore, for a typical 1/8 inch diameter fuel tube the concentra-

tion of hydrogen on the axis decays to stoichiometric :_"_ _ 0.03)
"°2

in approximately 8 inches. In addition to demonstrating fast

mixing rates the correlation of these experimental results has

provided a basis for an analytica] model for the eddy viscosity

and the capability for analyzing new flows, (Ref. i).

in addlt!on to providing details of the mixing and combustion

region: the calculations give the local deflection of the air

external to the combustion region. This flow deflection due to

combustion is the basis for thermal compression and the computed

deflection anq]es together with the undisturbed burner air Mach

numbers are used to give the associated pressure rises. These data

are then used as a guide to schedule the location of fuel injectors

to obtain the desired compression at various locations in the engine

over the entire range of flight conditions.

_Jhe combustion chamber inlet conditions are such thai: dissocia-

tion effects are not signlficant and the heat release may be regard-

ed as concentrated alon__ t}'_e surface where stoichiometi-ic conditions

exis_ T]_erefore, a combustion efficiency is <iefined Ln terms of the

length required for the surface of stoichiometrlc conditions to form

a closed surface. For the s'fmmetric flows considered the stoichio-

metric surface closes on the axis of the jet and at this point

essentially all the available hydrogen has reacted to form water.

Combustion efflciencies defined in this wax" _mre presenteci, for all

flight conditions, as a relation between the cc,mbustion length-to-jet

radius vs. fl[ght Mach number fol each altitude in the trajectory.
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II. ANALYSIS

The model of the flow fii.e!d i_. show: i,-:.FJgu£-:< _. The mixing

process is ass,_med t:2 be govern.._d by _iff_:.sio.2 nor ,...] t;, _%e i_aln

flow direction and is descrlbed by_ a __=_aLahic_ s-F,_n_,m system of

the boundary layer type. The dc,scribiz_g .........,a_±o,,_-__,< f--,_ _nis process

are given by:

Conservation of Mass:

Global

N

_x

Species

N

+ m L-i."_- =. :

;)_ %x

}c_i 1_ £. NLe N 3,:-_. _

* Ov cy :.; _..l,_ _r U..Y "-v
c- %[: t_

i = 02: N 2, H,. 0, }{, if._J and OH

Elements

__3

pu _x

_ __ i..Le _,_ c_n ._
p

+ Dv by N bY, Pr _*Y .r .... [
\-

(s)

Momentum:

j : n N. and =

p L1

% L1 _ , _ . -- r(

}x _.... = .,v :'t _,y.)
b"

_X S2- ,.: '.'i '.~ P: ';_.

where N =

/

L _r

1 for &,,._,.. ,, I . . ii :.,',:s

0 for tt.c-.,'alm_,t",< ..... r_a) fi-.,-:,.;4

7 ,.

-fix._ 1-

i-

: )
.__: _, 7_ ._

t ,.

. )..

"-- % I

e.)
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Equation 3 is for the conservation of the elements of th{, chemical

system which are defined according to the relation:

W .

_j = _ _ij w
1 1

(6)

th
where _i 3 is the amount of element j in the i

nation enthalpy, H, is given by:

species. The stag-

U _ U e
H = h +-- = _ h. +--

2 _i i 2 (7)
i

where he is the mixture static enthalpy and h. (T) is the static

•th l
enthalpy of the i specie.

Chemical System

It was previously shown that at the pressure levels of interest

(between 1 and 5 atmospheres) the total length required for equil-

ibrium is small although ignition sources will be required at the

low end of the flight Mach number spectrum. The chemical system

used here is assumed in equilibrium dnd is compris_=d of lhe seven

species, }{2' 02' N 2, H20, O, H and OH with nitrogen considered an

inert diluent. The equilibrium computation is based on the data

given in the JANAF Tables (Ref. 13) which provide six eq_lations of

the form :

, , h p) (8)_i O, T = _ (_3 ,

Equation 8 is the equilibrium equation of state and replaces Eq. 2

for the conservation of species. The indeterminateness of the

production term, w'l' is thereby removed and the flow is completely

described by Eq. 's i, 3, 4, 5, 6, 7, and 8 for the unknc,wns: u,

v, _j, (ki, H, h, 0 and T.
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Transport Coeffici__. __

for a ._emi-empir_c: _ :,ode] fo_- uhe ed:_y vL.;:o-::_t-. :_,,<:;_ ,:*,

_t = K r: (Du) (9)

where k : - ,._s takeT_ a__: a ('oT!:%i':i<t, i, _.f-;; __ ',:'.:.]: -__:{] .,_" base:c! on

tile i[!6'aF, V_i(zcit\', in the mix] i,._17e.-51,:;:=, a_d _,.(,,-'.,}. --.::h__-ce.n<:{=r,_ine

mass tiu_,. This ;,2,de! .p'TeJict.< ,..],e :/;,:. ._ech" shown in Figure 2a

where k _,-... chose_i tc, fl +,. _._Ie <_at_.. ........ i _ :_, <h:-,,.., _ - _.._e_-_:;,('e.. ..,_ tb.at

i-he Sch:;< {t No. may be :.akin, eq_a], t.-, ,:_:{1. wiT-, _t ._-t.rod_._'ing

signific_nt error provided the <,,9_:_I_-_t, k, _._ <:]:;,s,.-:-:apl..'.rop_,lately

'o match ¢he experimental data. T]._, ,,;mi,_: ._.!.k u_:;eJ here, i._;

con]unct i_n_ with u_itv Lew_s _nd P_',-,.;_<!ti ;:u':;. (_.::_,,/ Sc,h:_idi: No.)

is .04.
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III. CALCULATION PROCEDURE

The solution of the above system of equations provides the

details of the flow field including the velocity, temperature, and

species fields. Gross characteristics including combustion lengths

and flow deflections are also obtained.

The global continuity equation, Eq. i, can be eliminated from

the system of differential equatlons by introducing the yon Mises

coordinates as the independent variables. The transformation x, y

-_ x, _ is defined according to the relations:

N
_)uy = @y

(10a)

N N

_vy = @ '_x (10b)

Introduction of 10a and 10b into the different!el equations results

in:

Element Conservation

l i

_x N Let u (ii)

Momentum

_u

_x _tPu _
1 5 2N 5u 1 dp

eN y Du dx
(12)

Energy

5H_ 1 5 F_t mu 2N

_x @N _ L_,N Y
1 <_ 5U_/2 +Pr + (Prt-l) 5,_

_i _

+ _hi i (Let-l) _ i _

(13)
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The physical y coordillate is obtained by the inverse tEansforma-

tion:
7 N

N+I f _--Ou dp
y = (N+I)

o

and the transverse component of ve]ocity, v, Js gi_,en by:

N

V _-" --

N
PY

Boundary Conditions:

The governing equations are pal a},,>'i,." _:_d requi_e initial

conditions at x=o and boundary condition,s at: ], = = and ,_,= 0.

The initial and boundary conditions are:

at x=o ; o s -_ _ @j

= .) = : 1
u=uj , H Hj , (_] J _H2

(14)

(15)

at

x=o ; _ _ ,_j

u=u (o), H = H , ( = o, , ,,..
e e e o ;.

2 2

:: () 23 '_ 0 768• _- t •

X _ O ; _ ....

u = u (x) , H = H , (_j)_ = t

e e e __ .
__ "]

wher e,
du

e ___
OeUe _xx - dx

H = constant
e

and

: ().232,0.7h8

(16)

(17)

(18)

The conditions expressed by 16, 17 and !8 with ._,yn_n_etry at .2=0

completes the specification of initial and l,o_'.nd_ry conditions.
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The solution of the governing system has been obtained

employing an explicit finite difference technique, (Ref. 14).

Figure 4 shows a generic point, (n+l,M), in the x-_ grid network.

The finite difference formulation for the calculation of the flow

at the point (n+l, M) is obtained by using the following explicit

difference relations where P is anyone of the tltree pert:Lnent

variables u, _; or H:

_P Pn+I,M P= - hiM

ax A x

where

and

P P
n_Mtl - n;M-i

A@

n,M+_ [ n,M+l - Pn,M]- n,M-½

2N

DuY _t
b -

N

b 'M+_½= ½ Fb + b 1n _ n,M n,MZ!

= M (A _,)

The conservation equatlons in difference form ame,-.

M=0:

_lements:

_j( )n+l,o-(_j)n,o
+

• . i-N

(_Ax [(PU) IrLe__t..jn -................. - [ (_1
( A ,t4 _ '" t " - ,c}'" _ r.., i"

- ii

(19)

(20)

(21)

(22)

(23)

(24)

(25a)
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n+l,M:(_j ) n,M _x {.Le b, (_j
(__l_tj )

+ M N(A_)2+N Pr n,M_½ n,M+l -

Letb Letb

-[ (--_r t) n, M+_i + (---_r t) n,M-_](_j )n,M
+

(25b)

Letb

+ (_)n,M-½ (_3)
t

j : 0., N 2 , H 2z

M#0:

(I+N) 2 AX I-N - _[U nUn+l o = Un,o + (A@) _ [(pu) DtJn o . ,i - U, , n,o _

Un+l, M = Un, M

{
+ _ _/ (b)

N 2+N
M (A?) _

Ax_ (dP)
- (pU) _ n+l

II,O

n,M_½ Un,M÷I -

(26a)

M=0:

Enerqy:

H = H
n+[,o n,o

- [b +b " U
_ n,M+½ n,M-½ ] n,M

_X (dP)

- (Du) n,M _xx n+l

+ b Un, >
n,M-l_. M-I -

(26b)

+ (I+N)2AX t-N U
(Ag)= [(.u) "]

+ (l_prl_.n) _1 , 2 1_i!2n o 2 i_U _, n, rl,O _
t

Le -i
t

+ ( -_ =(_.)
.h{_ Pr )n,o ± :i,1

i t

+

n,o [H ,I-H ] +n n,o

n,o _
(27a)
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M=_:

n,M MN(A_)2+N ( )n,M+½ Hn'M+I-L( t)n'M+½ +

- b l_! - U2
+(Pr_)n,M-½_n,M + (P-_t)n,M-½ Hn,M-1 + (b[1-pr t])n M+½ '"n,m+l

' 2

- E(b[l-P_t])n,M+ ½
+ I -I U2(b[l-

P-_t])n,M-½A n,M2 + (b [l-P_t 3n, M_ ½

U u Le -i

n,M-i _b ( t _
2 + z"_ hi P-_t ) ,M+½ (_i)n,M+l

E Le t - 1 Le t - 1
- _ (bhi 'Prt )n,M+½ + (bhi Pr ) _ (_i) +i t n,M-½ ] n,M

+ _ Ebhi Let-i _ n,M-½ (_i) \

i Pr t n,M-i J
(27b)

Step Size Control

The step size in the explicit finite difference scheme is

controlled by a stability criterion and from studies of linear

parabolic partial differential equations there results the following

condition, Ref. 15:

A_2 [L Prt N_ > _X _ _i MN (A _) =+N

(I+N) 6 et_ t (pu) i- ,o 3 Le t Le t+ ( b)
,M+½ Pr t n,M-½n (28)

Although the partial differential equations are non-linear, the

present explicit difference formulation results in a locally linear

system and Equation 28 provides an estimate of the stable step size.

The computer program has as an input an arbitrary fraction which can

be chosen to cut the above step size in the event a stability problem

arises.
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IV. CALCULATIONS AND RESULTS

Calculations for the characteristics of the diffusion

controlled combustion process have been made for the combustion

chamber inlet conditions given in Table I. The flight Mach

numbers were M = 3, 6 and 8 and the altitude range was from

50,000 to 120,000 feet. The flight "corridor" is shown in

Fiqure 5 where the circle points represent the flight configura-

tions used in the calculations. In all cases the hydrogen was

injected at the stagnation state corresponding to a pressure of

200 psia and a temperature of 2000°R. Furthermore, the hydrogen

is injected parallel to the air flow direction with the assump-

tlon that it is fully expanded to the local air pressure.

The results of the calculations are presented in Figures 6

through 21. Figure 6a through 6i show the mixing regions for

two-dlmensional configurations with constant pressure combustion.

The streamlines in the flow external to the mixing region are

shown and illustrate the local flow deflections due to combus-

tion. Each streamline is characterized by an equivalence ratio,

0, associated with the total air flow in the particular stream-

tube. 'L_he flow deflection can be characterized by the turning in

X X
three regions, i.e. at -- = 0 a near region (at ----4) and a far

D ' D

region _X 24) ° Pigure 7 shews the flow deflection in these
D

regions for the entire flight envelope and figure 8 shows the

cor[espondinq isentropic compressions in the three regions for

the a]t_-uJe of 85,000 feet. This compression assumes that the

deflection due to \'±scous mixing and combustion is effected to

]_igher order by the pressure rise, which is the foundation of the

interaction theory described in Reference 16. The results indi-

cate t]_at substantial thermal compression is obtained particularly

in the v1._inity of the point of injection. The effect of the total
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ignition delay will tend to shift somewhat downstream the indicated

pressure rises, but as described earlier the use of ignition sources

at the lower flight Mach number will diminish this effect.

The effect of an arbitrary variation in the axial pressure is

shown in Figures 9 and i0. Figure 9 shows the results for a com-

bustion cha_mber with an axial pressure drop at a flight Mach number

of 6 and an altitude of 90,000 feet. In comparison with the

corresponding constant pressure case, Figure 6e, there is an

additional d_vergence of the streamline due to the acceleration

of the flc_" field. Figure i0 shows the mixing and combustion

region for the same flight Mach number and altitude but with an

axial pressure rise imposed on the combustion chamber flow field.

The entire flow field is compressed and the streamlines are

initially flatter in comparison to the constant pressure and

pressure drop cases. There are two significant features which

arise in conjunction with the pressure rise configuration. The

velocity and Mach number develop non-monotonic profiles across

the mixing region with the result that a flow reversal occurs at

X

an D _ 20. The parabolic equations cannot describe the flow

field in the reversed flow region and the calculation fails when

the local velocity approaches zero. However, the present analysis

predicts the onset of flow reversal and indicates that the region

of reversed flow is between the centerline and the edge of the

mixing region. This behavior of the Mach number profile is a

consequence ot the deceleration of the high velocity hydrogen by

viscous shear and the high sound speed (low density) due to

combustion, both of which combine to reduce the Mach number. The

imposed pressure rise has the greatest effect in the low Mach

number region and consequently the velocity decreases fastest in

this region of the flow until reversal occurs. As the flow field

approaches reversal there is a corresponding divergence of the
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mixing region. There results a large deflection of the external

air flow which could lead to a significant induced pressure rise

and shocks. This phenomenon could result in loss in control of the

combustion process and indicates a need to avoid large pressure

rises in the combustion chamber.

Figures lla through ilk show the mixing and combustion regions

fcr axisymmetric configurations with the same combustion chamber

inlet conditions used in the above two-dimensional calculations.

Faster decay of non-uniformities and smaller flow deflections are

found in comparison with the two-dimensional results and are a

consequence of the transverse curvature effect.

Combustion Efficiency

In the diffusion controlled process the principal combustion

and heat release occurs on the surface where stoichiometric con-

centrations exist. In the region of flow outside of this surface

all of the hydrogen has combined to form water except for the

effect due to dissociation. This is the basis for the "flame

sheet" model discussed by Libby, Ref. 17, where the flow field

was analyzed by applying a linearization technique and assuming

neg] _gJble dissociation. Combustion is complete at the point of

closure of the flame sheet. A combustion efficiency can be defined

in terms of the ratio of the local concentration of water to the

concentration of water resulting from stoichiometric combustion

and for the flow discussed here the efficiency is given simply

in terms of the axial value of this water concentration ratio.

in Fig. 12, a correlation of the combustion efficiency for all

flight configurations is given. A value of [=6 is representative

of complete combustion for all flight conditions where the effect

of Mach number and altitude is reflected in the local Reynolds
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Figure 13 shows the physical

combustion lengths as a function of the flight Mach number for

altitudes ranging for 50,000 to 120,000 feet and indicates that

short combustion lengths are possible over the entire flight

corridor.

Subsonic Combustion

The combined effects of a rapid deceleration of the hydrogen

by the shear forces and the low density due to combustion can

result in a local subsonic domain in the mixing region. A com-

parison of the local sound speed and velocity profiles in

Figures 6 through ii illustrate this characteristic particularly

for combustion chamber conditions corresponding to the low flight

Mach number range. This phenomena occurs in the constant pressure

configurations and indicates the inherent ability of the mixing

process to provide a smooth dissipation mechanism for a transi-

tlon from supersonic to subsonic flow without shocks. The trans-

ition can be substantially augmented by applying a small axial

pressure rise. Figures 14 and 15 show the results of a calcula-

tion to determine the feasibility of obtaining subsonic combustion

with a slight pressure rise followed by a zone of subsonic com-

bustion at constant pressure and finally an acceleration to super-

sonic flow. The configuration is two-dimensional and the combus-

tion chamber inlet conditions correspond approximately to a flight

Mach number of 4 at an altitude of 75,000 feet. The air Mach

number at the point of hydrogen injection is 1.3. The hydrogen is

expanded from a stagnation pressure of 200 psia and a stagnation

temperature of 2000°R yielding a jet velocity of 12,250 f.p.s..

Figure 14 shows the mixing and combustion region for the three-

stage combustion process in a duct with a global @ = i. In the
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first zone, the mixing combined with a pressure rise results in

the Mach number profile shown by the broken line in Fig. 15. The

air external to the mixing region has decelerated to a Mach

number of one whereas the Mach number in the region of combustion

is less than .4. The pressure ratio is 1.5 and the resulting

average Mach number across the mixing region is about .72. The

second zone proceeds at constant pressure and maintains the

average Mach number of .72 although the mixing changes the Mach

number distribution as shown by the solid line is Fig. 15. In

the third zone the pressure drops to .9 of the chamber inlet

pressure and practically the entire flow field is supersonic with

an average Mach number of about 1.17. The wall shape required

for the pressure distribution is shown in Fig. 14. The calcula-

tions are based on a parabolic system of equations which cannot

predict the formation of shocks. However, the results indicate

that with a mild pressure rise combustlon can be made to occur at

low subsonic Mach numbers and then the flow can be accelerated to

supersonic speeds with a mild pressure drop. The entire process

covers a short distance and requires no shocks for its operation.

Multiple Injection

Control of the combustion process requires scheduling of the

amount of fuel injected and the locatlon of injectloD points in the

combustlon chamber. To establish the characteristics of a flow

with multiple injectlon, two jets in series were considered. A

two-dimenslonal configuration was used and the model of the flow

field is shown in Fig. 16. The second jet was located at the

point where the temperature due to combustion from the first jet

reached its maximum. The air was initially at a temperature of

1000°K and a pressure of 1.4 atm. and flowing at a velocity of
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6750 f.p.s. The hydrogen was injected from both jets at a

velocity at 13,200 f.p.s, and a static temperature of 273°K and

the width of the jets was 1/16 inch. The flow field for constant

pressure combustion is characterized by the axial property profiles

shown in Figures 17 and 18. This curve shows that the first jet

mixes rapidly into the pure air and the maximum temperature is

attained at about one-tenth of a foot downstream of the point of

X

injection corresponding to an D _ 40. The second jet mixes into

this region of hot reacting flow and spreads at a slower rate due

to the lower density level. The overall length for the calcula-

tion was less than 4 inches where the temperature has decreased to

about 55 percent of maximum temperature in the first jetjand

indicates that the slower mixing rate and the lower oxygen level

will require a substantially longer length to reach complete

combustion of the total fuel injected. One consequence of this

is that for a constant combustion chamber area the primary thermal

compression will be derived from the upstream injectors which

provide the largest part of the flow deflection.

Experimental Comparison

The inherent difficulty of obtaining measurements in high

temperature reacting flows has severely limited the availability

of complete diagnostic data on combustion processes. Although

complete data including species, velocity, and static temperature

fields is lacking, certain of the experiments have provided

measurements which permit indirect comparison with the theoretical

model. In particular, Zakkay, Ref. 7, measured the stagnation

temperature in a series of diffusion controlled combustion experi-

ments involving the hydrogen-air system. The stagnation tempera-

ture depends on the species, velocity and static temperature and
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consequently agreement of the computed stagnation temperatures

with the measured values is an indirect confirmation of the

theoretically predicted values of the fundamental properties of

the flow. The three experiments reported in Reference 7 were

conducted in an axisymmetric configuration with a jet radius of

.025 feet. All tests were performed at a discharge pressure of

1 atm. and an air Mach number of approximately 1.55 and the

hydrogen was injected subsonically at a stagnation temperature

o
of approximately i000 K. The air stagnation temperature, the

mass flux ratio _I_, and the velocity ratio, u./u were the
e e 3 e,

parameters varied for each test. The stagnation temperature was

measured along the centerline using two techniques. In the

regions of flow at temperature below 2000°K a combination of

chromel alumel and platinum platinum-rhodium thermocouples were

used, whereas for the higher temperatures a 3/16 inch diameter

stainless steel hemisphere cylinder was used as a heat transfer

gage using the thin skin technique to obtain the heat flux.

The comparison of the measured stagnation temperatures with

the calculated values are shown in Figures 19, 20, and 21. The

triangles represent the measured points and the solid lines

represent the results of the present theory using a value of

k=0.065 in Eq. 9 for the eddy viscosity. Note that this value

of k is somewhat larger than the value obtained from frozen flow

experiments (k=.04). In Figures 19 and 20 the calculated rise in

stagnation temperature is somewhat more gradual then the measured

rise and is apparently due to the assumption of equilibrium.

The visual observations of the flame corresponding to Fig. 19

indicated that combustion initiated on the axis and apparently

at the point where stoich_ometric conditons prevailed, Ref. 7.
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The result is a rapid rise to equilibrium. The comparison present-

ed in Fig. 20 indicates the same behavior for this case which is

apparently a non-equilibrium effect. The results presented in

Figure 21 are based on conditions which were chosen to minimize

non-equilibrium effects and the air stagnatlon temperature was

increased to approximately 1460°K. The comparison with the theory

for this case is excellent.

In general, the calculations for the three cases uslng an

adjusted value of k show remarkable agreement with the experiments.

This indicates that the assumptions, including the representation

for the eddy viscosity, are reasonable and can be applied to

combusting flows.
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